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KEYWORDS: ABSTRACT: Bioaerosols have important impacts on human health and potentially on weather
Aerosol-cloud and climate through aerosol—cloud interactions. Reciprocally, weather systems can have a large
interaction; impact on bioaerosols both indirectly through ecosystem-level influences and by playing a more
Aerosols/ direct role in bioaerosol emission, deposition, and transport. In this work, we discuss the design
particulates; and initial findings of the Bioaerosols and Convective Storms (BACS) field campaigns, a project
Biosphere/ targeting the interplay of these two effects. Two BACS field campaigns were conducted in the
atmosphere springs of 2022 and 2023, examining the dynamics of speciated and cloud-relevant aerosol and,
interactions; especially, bioaerosol observations surrounding precipitation events and cold pool outflows from
Cold pools; convective storms. A multifaceted deployment strategy was used, leveraging a combination of
Convective storms; online and offline measurements of aerosol and bioaerosol distributions, cloud-relevant properties,
Field experiments and chemical tracers in the context of atmospheric state measurements. The observational strat-

egy included measurements at ground level, a 9-m flux tower, and simultaneous stacked column
and profiling multirotor drone measurements and radiosonde launches. Aerosol and bioaerosol
responses to precipitation and cold pool events are examined within this manuscript through
several case studies highlighting that similar events can produce very different aerosol responses.
Reasons for this variability are hypothesized and discussed in the context of our campaign data,
and targets for future investigations are suggested.

SIGNIFICANCE STATEMENT: This work is motivated by understanding a phenomenon with direct
human impacts; storm lofting and transport of bioaerosols are known to cause health impacts
such as “thunderstorm asthma,” while the same sources of bioaerosols may additionally impact
storm evolution. This work describes an extensive campaign dataset, showcasing two cases to
highlight how the dataset can be used to probe these questions and raising some of the crucial
scientific questions requiring further investigation.
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1. Introduction

Biological materials in Earth’s atmosphere have been increasingly recognized for their impor-
tance in human health and interactions with clouds. Exchange of biological materials between
Earth’s surface and atmosphere is known to occur but remains challenging to characterize
due partly to the episodic and circumstantial nature of bioaerosol release. The purpose of
this study is to improve understanding of the mechanisms and magnitudes of this exchange,
particularly in association with convective storm processes, as well as important impacts on
cloud systems.

Primary biological aerosol particles, simply bioaerosols hereafter, are directly emitted
biological materials suspended in the air. Bioaerosols exist as a wide range of materials span-
ning the entire aerosol size range (Frohlich-Nowoisky et al. 2016), and biological materials
can be internally mixed with other aerosol materials, which can lead to large differences in
reported bioaerosol abundances (Jaenicke 2005; Zawadowicz et al. 2019), requiring clarity
about how the term bioaerosol is used. Aerosols and bioaerosols can also be emitted through
raindrop impaction (Hirst and Stedman 1963; Joung et al. 2017; Mignani et al. 2025), while
bioaerosol release can be more specifically influenced by changes in moisture, such as as-
sociated with convective storm systems, thus triggering active fungal spore emission (Elbert
et al. 2007; Janssen et al. 2021) and pollen rupture (Suphioglu et al. 1992; Taylor et al. 2002).
Pollen grain rupture into subpollen particles has been associated with severe convective
storms like squall lines, leading to widespread health impacts such as asthma attacks in a
phenomenon termed “thunderstorm asthma” (D’Amato et al. 2016; Harun et al. 2019). Cloud
phase and properties can be influenced by bioaerosols through action as cloud condensation
nuclei (CCN) and ice nucleating particles (INPs), discussed below. There is strong evidence
that internally mixed bioaerosols have cloud-relevant properties similar to pure bioaerosols
(Conen et al. 2011; Frohlich-Nowoisky et al. 2015; O’Sullivan et al. 2016; Augustin-Bauditz
etal. 2016). Given this support of internally mixed biological particles, for example, a mineral
dust particle attached to a cell fragment or cell-free protein, maintaining bioaerosol-specific
properties, we define them as bioaerosols as well. Materials such as biomass burning aerosols
(smoke) and secondary aerosols derived from gas-phase biological emissions are excluded.
Bioaerosols can be a significant fraction of supermicron aerosol number and mass in a wide
range of environments (Frohlich-Nowoisky et al. 2016).

Convective storms can influence emission, deposition, and transport of bioaerosols through
a variety of pathways, but the magnitude of these effects is often unknown or difficult to pre-
dict. Wet deposition can remove aerosols through scavenging either in-cloud or below cloud
by falling precipitation (Duce et al. 1991; Cheng et al. 2021). Evaporation of rain and melting
of ice hydrometeors produced by storms cool the surrounding air and form downdrafts, which
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sink and then spread out along the surface as cold pools. Cold pools propagate as density
currents (Benjamin 1968; Falk et al. 2025) and are typically cooler and gustier than their
surroundings (Charba 1974; Engerer et al. 2008; van den Heever et al. 2021). Their passage
can, therefore, be detected by changes in temperature and winds (Engerer et al. 2008; Provod
et al. 2016). Cold pools are critical for initiating storms by mechanically lifting air that can
ultimately comprise an updraft (Purdom 1976; Droegemeier and Wilhelmson 1985a) and
by cold pool collisions (Droegemeier and Wilhelmson 1985a,b; Meyer and Haerter 2020;
Falk and van den Heever 2023). Cold pools also play important roles in determining the
structure and propagation of organized storm systems such as squall lines (Thorpe et al.
1982; Rotunno et al. 1988; Weisman and Rotunno 2004). Cold pool wind action at the surface
can loft aerosols such as dust (Miller et al. 2008; Seigel and van den Heever 2012; Bukowski
and van den Heever 2022) and bioaerosols. These cold-pool-lofted aerosols can potentially
be ingested into the parent or subsequent storms. Seigel and van den Heever (2012) found
that dust lofted within a supercell cold pool can be ingested in small quantities into its
parent storm updraft through mixing across the cold pool’s leading edge, although larger
quantities were ingested when the dust was present in the supercell storm’s environment
or in the presence of interacting cold pools. Grant et al. (2018) also found that cold pool air
was transported into tropical oceanic convective storm updrafts and only recently have the
specific mechanisms for this lofting and the sensitivity of these findings to storm morphology
or environment been studied (Davis et al. 2025). Downdrafts associated with cold pools and
their parent convection can also impact near-surface aerosol concentrations by entraining
air from the free troposphere (Dickerson et al. 1987), which often, but not always, contains
lower concentrations of aerosols than the boundary layer.

Bioaerosols likely influence cloud phase. Deep convective storms extend from the rela-
tively warm boundary layer to the upper troposphere where temperatures are well below the
homogeneous freezing level (-38°C), where liquid water will freeze spontaneously. Cloud
phase has important impacts on cloud lifetime, precipitation, and radiative properties, with
ultimate impacts on local, regional, and global-scale climate and weather (Lohmann and
Neubauer 2018; Morrison et al. 2020; Hofer et al. 2024). Therefore, it is essential to consider
the ice-phase microphysical properties of deep convection, as well as whether bioaerosols,
if transported into convective updrafts, can impact this ice formation within the storm’s
mixed-phase region. Freezing at temperatures warmer than —-38°C requires interaction with
an INP (primary nucleation) or contact with an existing ice crystal (secondary nucleation).
Primary nucleation can occur through several pathways, but immersion freezing, where the
INP is immersed within a cloud droplet, is considered to be the most relevant process in cloud
regions warmer than -38°C (Hoose and Mohler 2012; Kaniji et al. 2017). Concentrations of
INPs are temperature dependent, with INPs capable of initiating freezing often increasing
exponentially as temperatures decrease. In contrast, secondary nucleation or secondary
ice production (SIP) occurs through contact with an existing ice crystal, often considered to
be produced through fragmentation or splintering processes (Field et al. 2017; Korolev and
Leisner 2020). Because SIP processes depend on initial freezing events, an understanding of
primary nucleation is critical to accurately characterizing and representing SIP within models.
An understanding of concentrations of INPs active at warm temperatures, > -15°C, may be
particularly important due to coincidence with the temperature range most favorable to SIP.
Biological materials have been observed to constitute a large portion of the INPs within this
temperature range in many environmental contexts (Suski et al. 2018; Testa et al. 2021; Pereira
Freitas et al. 2023). Bioaerosols could, therefore, alter convective microphysical properties,
which has been investigated for pollen and pollen fragments in a few recent numerical
modeling studies (Wozniak et al. 2018; Werchner et al. 2022; Subba et al. 2023), but remains
underexplored for other bioaerosol types.
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Bioaerosol and cloud systems are coupled: Precipitation and cold pools can impact
bioaerosol concentrations through emission, transport, and deposition mechanisms,
while bioaerosols can alter cloud phase and precipitation. This raises the possibility of
important feedbacks existing in these systems. For example, it is plausible that a precipi-
tating storm could prompt the release of biological INPs, which could be ingested into the
parent storm or a subsequent storm in the region, altering the cloud phase and intensi-
fying precipitation, leading to further bioaerosol release. These changes could occur on
relatively short time scales in localized regions associated with storm-scale processes,
which would not be well captured by long-term measurement strategies, such as offline
aerosol samples collected over many hours, often used to characterize INP concentrations.
Past measurements have found strong relationships between bioaerosol or INP concentra-
tions and sampling periods influenced by rainfall, but analysis has been on longer time
scales where the details of any coupling are unclear (Huffman et al. 2013; Yue et al. 2016;
Gosselin et al. 2016; Hughes et al. 2020). The Bioaerosols and Convective Storms (BACS)
campaign was designed to probe both these shorter and longer time scales and to assess
the importance of these feedbacks by probing the individual mechanisms related to the
interactions of convective storms and bioaerosols through the investigation of bioaerosol
identities, INP properties, emission, deposition, and transport by and within and sur-
rounding convective events.

2. Field campaign overview

The BACS field campaigns took place in two phases, in the springs of 2022 and 2023 at the
Central Plains Experimental Range (CPER) site in the northern Colorado plains, operated by
the U.S. Department of Agriculture’s Agricultural Research Service. The site is a 62.9 km?
semiarid grassland site that is well characterized and use controlled (Hazlett 1998; Steinert
2016; Krauss et al. 2018) and utilized for cattle grazing studies (Augustine et al. 2024),
among other research activities. The very broad (>100 000 km?) surrounding region is utilized
as ~35% cropland and ~60% rangeland managed for livestock production (Augustine et al.
2021; Augustine et al. 2024). While the land use of the CPER site is more tightly controlled
than the surrounding region, it is still regionally representative.

The first field campaign, BACS-I, took place from 23 May through 18 June 2022, while
BACS-II took place from 22 May through 23 June 2023. Within the CPER site, operations were
held at two sublocations. A full list of instrumentation, offline analyses, and deployment
locations for BACS-I and BACS-II are available in Table S1 in the online supplemental mate-
rial, while a schematic of the sampling locations and measurements at each site is shown in
Fig. 1. The first measurement location was the National Science Foundation (NSF) National
Ecological Observatory Network (NEON) location within CPER at 40.8155°N, 104.7456°W.
At this location, henceforth referred to as the tower site, instrumentation was placed at
the 9-m tower top, in the CSU mobile laboratory that was parked across from the NEON
instrument shed at the tower base, and within the fenced enclosure of soil plot 3 [~300-ft
northwest (NW) of the tower| but outside of the central measurement area of the enclosure.
Instrumentation at the tower location was generally focused on aerosol characterization
measurements. Aerosol and rainwater samples collected at soil plot 3 provided more in-depth
chemical and biological analyses, including endotoxin, carbohydrates, inorganic ions, and
deoxyribonucleic acids (DNA). The second measurement location was at the Semi-Arid Grass-
lands Research Center (SGRC), a Colorado State University—USDA partnership site located
at 40.8095°N, 104.7778°W. This site supported airborne measurements through multirotor
drone flights and radiosonde releases, as well as aerosol and precipitation characterization.
The NEON tower site is approximately 1.7 miles east of the SGRC site, sometimes resulting
in a temporal delay between mesoscale events affecting measurements at the two sites,
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Fic. 1. Overview of the BACS instrumentation within the CPER site, Colorado. Schematic of the two
measurement sites (SGRC and tower), along with pictures of select instrumentation. (from top left,
counterclockwise) A launched radiosonde, drones outfitted for thermodynamic and aerosol measure-
ments, a drone with attached filter sampling system, rainwater and pollen/spore samplers, SGRC aero-
sol instruments and filter samplers, NEON tower with soil plots and mobile laboratory, and disdrometer
instrument.

depending on the direction from which the event originated and the speed at which the
storm systems of interest were moving.

Additionally, complementary data were collected through collocated and collaborative
field campaigns by the NSF-sponsored Biology Integration Institute: Regional OneHealth
Aerobiome Discovery Network (BROADN). BROADN activities at the CPER site overlapped
with the BACS campaigns, with some additional BROADN activities continuing into other
seasons. BROADN measurements during the 2023 BACS field campaign included comple-
mentary 12-h (day and night) DNA and INP air-filter-based measurements at the NEON
tower top and base and SGRC site, as well as INP sampling focused around rainfall events
(Mignani et al. 2025).

Twenty-eight intensive observation periods (IOPs), 14 each during BACS-I and BACS-II,
were targeted around forecasted atmospheric conditions that were likely to produce convec-
tive storms. Motivated by their bioaerosol transport and lofting capabilities, cold pools were
specifically targeted in this study, and more than 50 cold pools were observed across the
28 IOPs. The sampling strategy for these IOPs targeted drone flights and sounding measure-
ments before, during, and after cold pool passages. Ideally, drone flights would start before
passage and continue well into the cold pool, but sometimes high wind conditions, rainfall,
or other severe weather hazards required that drones be grounded for safety.

The BACS-I and BACS-II field campaign periods contrasted markedly in precipitation and
prevailing flow regimes. Rank maps for precipitation are shown for the PRISM (PRISM Group
2023; Daly et al. 2000) data products in Fig. 2, alongside representative images of vegetation.
In the 44-yr PRISM dataset, conditions at the site for BACS-I were in the 15th driest, while
in BACS-II, they were in the record fifth wettest, with more extreme dry and wet conditions
for each year, respectively, in the surrounding region. Precipitation measurements collected
during these field campaigns are in line with these extreme conditions, with 10.1 mm of
precipitation falling in the 27-day period of BACS-I contrasted by 118.5 mm of precipitation
received in the 33-day BACS-II period (Fernando et al. 2025).

The contrasting meteorology led to visible changes in the vegetation across the two study
periods as well, with more abundant and greener vegetation in BACS-II (Fig. 2). The area
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PRISM precipitation rank for periods from 23 May to 18 June: 2022

PRISM precipitation rank for periods from 22 May to 23 june: 2023

record Sth 10th 15th 15th 10th 5th record record 5th 10th 15th 15th 10th 5th record
driest driest driest driest wettest  wettest  weftest  wettest driest driest driest driest wettest  wettest  weltest  wettest

precipitation rank out of 44 years (1981-2024) precipitation rank out of 44 years (1981-2024)

Fic. 2. (top) PRISM precipitation rank maps for the NW ~2/3 of Colorado during the time periods of (left)
BACS-I and (right) BACS-II field campaigns, showing approximately 38°-41°N and 102°-107°W. The cam-
paign location is denoted by a red star. County lines and state lines are denoted by gray and black lines,
respectively. (bottom) NEON phenology images (NEON 2025a) at 1200 LT 8 Jun for (left) BACS-I and
(right) BACS-II. The BACS-1 image was taken at lower exposure, and a 44% increased exposure has been
applied for better comparison with the BACS-Il image.

between the SGRC and tower measurement sites even developed a small pond that persisted
over the BACS-II campaign that was not present during BACS-I. These changes in precipita-
tion and vegetation certainly had cascading impacts on the ecosystem down to the microbial
level, which can be investigated using our dataset alongside products collected through NEON
and BROADN.

3. Key findings

One of the most prominent findings of the BACS field campaigns is the high degree of vari-
ability observed in the cold pool characteristics (Falk et al. 2025) and the responses of
aerosols and bioaerosols to these cold pool passage events (Feldman et al. 2026). Observed
cold pools were produced by deep convection ranging from isolated storms to squall lines
and other frontal systems. Their properties were highly variable, as shown in Fig. 3, which
summarizes all cold pools detected on IOP dates from the surface station deployed at the
SGRC site. Cold pools were slightly colder but less windy in BACS-II compared to BACS-I,
although BACS-I cold pools had more outliers in the magnitude of the change in virtual
potential temperature (A6 ) and wind vector (AU) as well as the strongest cold pool observed
throughout the campaign in association with a squall line. Cold pools were also slightly drier
in BACS-II than in BACS-I (Fig. 3). Cold pool 6 and wind vector perturbations spanned one
to two orders of magnitude. Most cold pools also exhibited both a dry and moist perturbation
at some point within the hour after initial cold pool passage, since maximum (minimum)
water vapor perturbations (Ar,) were typically positive (negative) (Fig. 3). The high degree
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Comparison of BACS-I and BACS-II Cold Pools
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Fic. 3. Box-and-whisker plots of CP properties from the SGRC surface station measurements on all IOP
dates: virtual potential temperature and wind vector (left ordinate), water vapor mixing ratio, and
pressure (right ordinate). CP initial passage was first determined from radar imagery and field notes
and refined based on the timing of first decrease in temperature, increase in wind speed, or change in
wind direction, whichever occurred earliest. Maximum or minimum perturbations (denoted as A) are
calculated within 1 h after CP passage or until the passage of an additional CP, whichever occurred ear-
lier, relative to 15-min averages before the initial CP passage. The AU represents the magnitude of the
vector change in horizontal wind. Note that identified CPs include those outside of the IOP time period
if they occurred on the same day but do not include non-IOP dates. The 27 (40) CPs were detected dur-
ing BACS-1 (BACS-II) IOP dates.

of cold pool variability was the case for events observed in a single year and was not solely
due to yearly changes in rainfall and vegetation.

To highlight this variability and factors that should be considered in future work, while
showcasing the synergistic measurement approach and interesting features within the BACS
datasets, we discuss two case studies. The first is IOP22, which occurred on 8 June 2023,
during the BACS-II deployment. This case includes a cold pool from the west (CP1), a period
of rainfall at the site accumulating 2.76 mm, and an additional cold pool from the north
(CP2) over the course of ~1.5 h (Figs. 4a,c and 5a—c). The second case we consider, IOP06
(3 June 2022) during the drier BACS-I deployment, was chosen for its nominal similarities in
cold pool and precipitation events to [OP22 but contrasting aerosol responses to cold pools
and precipitation. The first cold pool event (hereafter referred to as CP3, to distinguish from
the IOP22 cold pools) included collision of a boundary from the southwest and another cold
pool from the north, followed by a period of light precipitation and an additional cold pool
from the west (CP4) in a similar ~1.5-h time frame (Figs. 4b,d and 5d-f). An overview of the
meteorological and aerosol conditions from both case study example periods is shown in
Fig. 4, with radar images and annotated cold pool (black arrows for CP1/CP3, pink arrows for
CP2/CP4) and precipitation features (red arrows) shown in Fig. 5 and radiosonde and drone
profiling data shown in Fig. 6. Both of these events are cold pool train events (Neumaier 2023;
Neumaier et al. 2026, manuscript submitted to J. Atmos. Sci.) in that more than one cold pool
passes over the same site on the same day without colliding.
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Cold pool identification and pas-
sage times are determined from a
combination of changes in surface
temperature and wind data (Figs.
4a-d), aided by radar reflectivity
data (Fig. 5) which often shows
the leading edge of the cold pool
as an arc or line of enhanced radar
returns caused by convergence and
lofting of debris by the cold pool’s
head circulation (Markowski and
Richardson 2010). Sounding data
(Fig. 6) are additionally used to
assess cold pool thermodynamic
profiles and depths and to confirm
suspected passage events from
other data. These different data
streams do not always agree in their
indication of the cold pool charac-
teristics and passage times, how-
ever. The uncertainty in passage
times subsequently creates uncer-
tainty in how measured variables
change with cold pool passage.
Here, passage windows are defined
broadly to capture this uncertainty.

Cold pool properties can be
estimated relative to their environ-
ments through measured differ-
ences in temperature, buoyancy,
humidity, or winds, but different
values can be obtained depending
on the location measured within
the cold pool relative to its leading
edge and the method of calcula-
tion used (Grant et al. 2024; Falk
et al. 2025). Here, we use wind
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Fic. 4. Evolution of key measurements at the NEON tower
site for (left) IOP22 and (right) IOP06 periods, with all times
in local (UTC - 6 h). CP passage times are shown with green
fill, while periods of precipitation are shown with purple
fill, with overlapping times appearing gray. Radiosonde
launch times are shown with thin black vertical lines, with
corresponding sonde data presented in Fig. 6. (a),(b) Rela-
tive humidity (%) (blue, left axis) and virtual potential tem-
perature (K) (orange, right axis). (c),(d) Wind speed (m s')
and cumulative rainfall (mm) (blue and yellow, respectively,
left axis) and wind direction (°) (orange, right axis). Very
light precipitation in IOP06 consisted of several periods of
drizzle/light rain and virga within the shaded region, with
no measurable precipitation accumulation at the tower site.
(e).(f) Aerosol size distribution, with colors mapped to the
scale bar on the right. (g),(h) INP concentration (number/sL)
for particles smaller than 2.5 ym measured at —20°C and 5%
water supersaturation [left, blue, (g) only] and total FPs >
~500 nm (number/cm?) (orange, right). Temperature, pres-
sure, and wind data are obtained from the NEON bundled
Eddy Covariance system (NEON 2025b).

speed and direction, depth, and virtual potential temperature, as a measure of buoyancy,
calculated using the simplified/approximate form (Markowski and Richardson 2010):

0.286
0, :0(1+0.61;~U):T[F§] (1+0.61r,),

where 6 is the potential temperature, r, is the water vapor mixing ratio, P is the pressure, P,
is the reference pressure, and the rightmost equation has been expanded for 6.
To build accurate relationships between cold pool properties and aerosol responses, the

variations in how cold pools can be characterized must be considered. Changes over time due
to a cold pool passage can be convoluted with changes outside the cold pool in both thermo-
dynamic and aerosol variables resulting from previous cold pools, radiative heating of the
surface, latent and sensible heat fluxes, or other factors. To mitigate this, it is important to
consider precold pool measurements as close to the beginning of the cold pool passage window
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as possible, which was an important consideration of our IOP measurement strategies. While
sounding data are available generally within the broadly defined passage window, sounding
launches do not always occur in the strongest portion of the cold pool, and cold pools are often
but not always coldest at the surface [especially under scenarios with strong surface fluxes,
e.g., Grant and van den Heever (2016, 2018), and both IOPs shown in Fig. 6]. These complexi-
ties highlight the need for multiple measurement strategies in accurately assessing cold pool
properties, as was done during BACS. The drone thermodynamic measurements performed for
this campaign were designed to bridge the vertical resolution of the sounding measurements
and the temporal resolution of surface measurements. An example of the fine-scale temporal
evolution around IOP22 CP2’s passage obtained from the vertically profiling drone is shown
in Figs. 6¢ and 6d. It is clear that while the drone profile measurements broadly agree with
the radiosonde data, the high (2 min) resolution in profile data captures variations such as
the passage of the deeper cold pool head (Fig. 6¢ at 1638-1640 LT) and undulations in the
depth farther back in the cold pool (Fig. 6d), allowing for study of the relationship between
this fine-scale evolution and other changes such as in the aerosol properties. Estimates of
cold pool properties from surface, radiosonde, and drone data are shown in Table 1. CP1 has
the largest thermodynamic perturbation and is also the deepest cold pool among the four,
while CP3 is thermodynamically the weakest. However, CP2 and CP4 are the shallowest,
while CP4 is associated with the largest increase in wind speed. Within the broader context
of all cold pool measurements from their associated campaign years (Fig. 3), none of these
cold pools are uncommonly strong or weak in their surface characteristics, though CP3 is in
the lower 25th percentile for A6 .

Cold pools and rainfall events might impact aerosol concentrations through a number of
mechanisms that depend on the properties of these events, such as emission by raindrop
impaction and cold pool winds, removal through in-cloud and below-cloud scavenging,
moisture-induced bioaerosol release and pollen rupturing, and transport of cloud-processed
and free tropospheric air by downdrafts. IOP22 had a single rainfall period accumulating
2.76 mm with cold pool passage events before and after. During this rainfall period, comparing
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pre-CP to peak concentrations, there was a ~20x increase in concentrations of particles with
diameters > 500 nm; a > 16x increase in fluorescent particle (FP) concentrations, used as a
proxy for bioaerosols; and a >40x increase in INP concentrations (Figs. 4e,g). IOP06 had two
light-precipitation periods, with intermittent light rain/drizzle and virga and with no precipita-
tion accumulation at the tower or SGRC locations as indicated by the rainwater sampler and
rainwater sensors. The second precipitation period coincided with a cold pool passage event.
Multi-Radar Multi-Sensor (MRMS) system radar precipitation products (Zhang et al. 2016)
show no rainfall, but field notes confirm rainfall at SGRC in this period (Grant et al. 2026).
Aerosol responses contrasting those for IOP22 are observed in IOP06, with aerosol and fluo-
rescent particle concentrations starting enhanced prior to precipitation, decreasing > 5x over
the course of the first precipitation event, and remaining unperturbed during the second
precipitation/cold pool passage period (Figs. 4f,h) (no online INP measurements were avail-
able for IOP06). The changes in precipitation intensity between I0OP22 and IOP06, possibly
modulated by the seasonal differences between the two campaign years (Fig. 2), seem the
most probable explanation for the different aerosol responses, with more intense precipitation
in IOP22 associated with higher aerosol emissions and thus concentrations. For IOP06, the
removal and/or dilution (by clean free-tropospheric air) processes dominate generation for the
first precipitation event but approximately balance one another for the second precipitation
period. The changes observed in fluorescent particle concentrations and INP concentrations
with rainfall are within the same order of magnitude captured by previous studies (Huffman
et al. 2013; Yue et al. 2016; Hughes et al. 2020; Gosselin et al. 2016). Different biological
materials seem likely to be important in different ecological settings, with measurements
from Gosselin et al. (2016), Huffman et al. (2013), and Yue et al. (2016) supporting emission
of fungal spores and bacteria, while Hughes et al. (2020) found evidence of pollen rupture
dominating bioaerosol concentration changes.

Cold pool impacts on aerosol properties likely depend at least partly on the rainfall impacts
on aerosols, discussed above. Aerosol changes in regions of rainfall will often occur within a
cold pool and will be transported within the spreading cold pool, to some extent. Complexity
is then added due to new potential aerosol sources lofted by wind action at the surface, either
within the cold pool itself or by lofting ahead of the cold pool and subsequent turbulent mix-
ing within the cold pool leading edge (Seigel and van den Heever 2012). In IOP22, the first
cold pool passage event (CP1, highlighted in Figs. 5a,b), which is also the coldest and deepest
among the four (Table 1), produces increased > 500-nm aerosol concentrations, fluorescent
particle concentrations, and INP concentrations (Figs. 4e,g). The cold pool impact is similar
in character to the rainfall event of IOP22, discussed above, although with reduced magni-
tude. Aerosol concentrations < 500 nm increased ~10 min ahead of the cold pool boundary’s
passage, with some fluctuation in these concentrations during the cold pool passage period.
The shallower and thermodynamically weaker CP2 (highlighted in Fig. 5¢) produced similar
increases in coarse aerosol, fluorescent particles, and INPs, though concentrations imme-
diately prior to passage were increased from the preceding cold pool and rainfall events,
highlighting the role played by cold pool trains on aerosol transport and ambient concentra-
tions (Neumaier 2023). Aerosol concentrations < 500 nm were relatively stable through the
CP2 passage window, though they increased dramatically after the cold pool passage (from
~2000 to ~5000 cm™) as other particle concentrations were decreasing. While fluorescent
particles can sometimes be nonbiological (Pchlker et al. 2012; Savage et al. 2017), the fluores-
cent particle increases during IOP22 were attributed to fungal spores by microscopy analysis
(Fig. 4i; Feldman et al. 2026). High-time-resolution measurements of fluorescent and total
particles (0.5-2.5 um) demonstrated significant strong, positive correlations with INPs
(<2.5 um) during cold pools and rain (Fig. 4g; Feldman et al. 2026). Pollen concentrations were
highest prior to cold pool and rainfall events, with an ~10x decrease comparing before and
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after events (Fig. 4i). There was no evidence of either pollen rupture or fungal spore bursting
based on lack of detection of relevant chemical tracers for fungal spores (mannitol) and pol-
len (sucrose and fructose) in particles with aerodynamic diameters of 0.25-1.0 um for this
event (Feldman et al. 2026). It is possible that the increase in small particles arises from a
process such as transport of recently formed particles from the free troposphere, but given the
simultaneous decrease in larger particles, a local dust source is unlikely. While long-range
transported biomass burning aerosols were present for some BACS campaign periods, based
on ECMWEF forecasts (Morcrette et al. 2009) and BACS ground measurements of levoglucosan,
and could be transported from the free troposphere to the surface in a similar manner, there
was no evidence of significant impacts for these cases.

IOP06 provides contrasting behavior with cold pool passage. The CP3 event included a
boundary emanating from precipitation to the southwest (SW) of the site (Figs. 5d,e, clearly
visible on radar), followed closely by a cold pool passage from the north (Fig. 5e, annotated
but not evident on radar). The CP3 event, therefore, represents a collision between two
boundaries. Wind speed exhibited a decrease of ~6.5 m s, possibly due to the boundary
collision, followed by an increase of 4.5 m s and change in wind direction to northerly
in the middle of the passage period associated with the cold pool from the north (Fig. 3d;
Table 1). Aerosol and fluorescent particle concentrations increased 3-5x prior to the initial
CP3 passage (aerosols < 500 nm from ~2000 to ~10 000 cm~, aerosols > 500 nm from ~1
to ~3 cm?, fluorescent aerosols from ~0.2 to ~0.6 cm~) and stabilized during the passage
period (Figs. 4f,h). The following cold pool passage, CP4, which coincided with light pre-
cipitation, produced no changes in any aerosol concentrations (Figs. 4f,h) despite being
thermodynamically stronger than CP3 and having the largest near-surface wind speed
increase among the four CPs (Table 1).

Offline INP samples collected during IOP22 (Fig. 7, left), collected before CP1, during rain/
CPs, and after CP2, agree well with online INP data and reveal changes across the full tem-
perature range. A second set of offline INP samples, segregated by size and type (Figs. S1-S3),
collected for a period ~6.5 h before and ~20.5 h after first rainfall, have significantly higher
INP concentrations after rainfall than before in all sizes. Precipitation water collected during
IOP22, when scaled to reasonable cloud water content as discussed in Mignani et al. (2025),
compare well with INP concentrations before and after rainfall, rather than the increased
concentrations observed during rainfall. This suggests that the precipitation water was not
significantly influenced by below-cloud scavenging of INP during the rainfall event. It also
suggests that INP concentrations throughout the precipitating cloud are not greatly altered by

0% o T0P22 INP concentrations 10t TOP06 INP concentrations

® before CP1 ¢ before and during CP1
&  during CPs and rain & during CPs and rain
after CP2 b after CP2
102 ® precipitation water 107 -

10° b

INP Concentration (#/sL air)
INP Concentration (#/sL air)

10 107

-30 -25 -20 -15 -10 -5 -30 -25 -20 -15 -10 -5
Temperature (°C) Temperature (°C)
Fic. 7. INP spectra from offline samples collected during (left) IOP22 and (right) IOP06. Sample collection
times for IOP22 are before rain: 1425-1512 LT, during rain: 1517-1634 LT, and after rain: 1643-1821 LT.
Sample collection times for IOP06 are before rain: 0924-1404 LT, during rain: 1421-1629 LT, and after
rain: 1710-2133 LT.
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enhanced INP concentrations during rainfall in this case but does not rule out any influence
of these enhanced concentrations on the precipitating cloud due to the complex transport
and microphysical pathways that could be involved.

Comparing the total INP concentrations between these two offline sample sets for IOP22
(summed across all size-segregated samples), there is good agreement between the two
sample sets before rainfall, but the postrain (20.5-h collection) sample has significantly
lower INP concentrations than the offline sample collected during rainfall (2.1-h collection).
Because there were no additional rainfall events recorded (Fig. S5), the difference between
the collection times can be accounted for in the higher-resolution sample, and excellent
agreement is produced (Fig. S6), indicating that in this case, the enhancement in the 20.5
h after first rainfall is dominantly due to INP emissions that occur in the ~2-h surrounding
rainfall and cold pool events. Treatments on size-resolved offline samples reveal that the
increased INP from rainfall and cold pools is almost exclusively biological in origin. There
are significant contributions from <250-nm, from 250- to 1000-nm, from 1- to 2.5-um, and
from 2.5- to 10-um size ranges but not from >10-um aerosols. The polydisperse nature of
INPs, and significant population below 250 nm, suggests either a biological source of INPs
that is internally mixed with other aerosols, such from a soil source (Augustin-Bauditz
et al. 2016; Suski et al. 2018), or a variety of different biological sources, although there
may also be an impact of bouncing particles appearing outside their nominal size frac-
tions (Cheng and Yeh 1979). At temperatures below -12.5°C, the 2.5-10-um size range is
dominant, which coincides with the size of many intact fungal spore species. In support of
this interpretation, BACS measurements of spore concentrations and INPs evolve similarly
over time. Ruptured pollen or fragmented spores cannot be ruled out as an important INP
source in this case, even with their low tracer concentrations, due to the very low fraction
of total aerosols acting as INP.

Offline measurements of INP concentrations in IOP06 (Fig. 7, right) divide the period of
increased aerosol concentrations between the before and during precipitation periods, but
neither of these samples have significantly increased INP concentrations compared to the
period after precipitation with the lowest aerosol concentrations. This may be partly due to
the enhanced aerosol period composing only a small portion of sample time or the increased
aerosol concentrations arising from aerosol types that are poor INP sources. There is a clear
simultaneous rise in aerosols and fluorescent (likely biological) aerosols before and during
CP3 (Figs. 4f,h), which suggests the bioaerosols released from this event lack the efficient ice
nucleating components observed during IOP22. Size-resolved INP concentrations are avail-
able only for the full 24-h period (Fig. S4), due to the light precipitation recorded at the SGRC
site not triggering a rainwater sensor for a sample change at the tower location. Despite lower
concentrations and little to no aerosolization due to impaction of raindrops, heat treatments
reveal dominantly biological INPs across all size classes. In this sample, aerosols < 2.5 um
dominate INP concentrations at temperatures > —15°C, similar to IOP22 but with less impact
from the 2.5- to 10-um size range. Pollen concentrations (Fig. 4k) are highest for the CP3
sample period, decreasing slightly into the period of precipitation and the start of CP4 and
decreasing by a factor of ~7x for the period during/after CP4 and the second precipitation
event. Fungal spore concentrations (Fig. 4k) increase ~2x during precipitation compared to
before and remain enhanced through CP4. The differences in aerosol response between [OP22
and IOP06 could be largely driven by the difference in precipitation intensity between the two
cases, with the lighter, intermittent precipitation and virga producing less aerosol through
droplet impaction and subsequently less aerosol appearing in cold pools. The differing levels
of rainfall accumulation between BACS-I and BACS-II and their cascading ecological impacts
may also play a role in the observed differences. The aerosol transport dynamics surrounding
these convective events likely have a significant role as well, possibly through the transport
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of free-tropospheric air into the boundary layer, which is difficult to quantify experimentally
(De Wekker and Kossmann 2015; Jin et al. 2021).

4. Summary and future work

We have presented an overview of the BACS project and examined two case studies from the
BACS-I and BACS-II field campaigns, focusing on properties of cold pools and the aerosol
changes surrounding cold pool passages and rainfall events. These case studies were chosen
to highlight the variability in cold pool and precipitation events observed in the campaign
and the differences in aerosol responses. Some of the cold pool and precipitation events ex-
amined result in marked increases in aerosol, bioaerosol, and INP concentrations, while oth-
ers leave them unperturbed or even coincide with decreased concentrations, though strong
positive correlations between accumulated rainfall and INP concentrations exist within the
broader dataset (Mignani et al. 2025). Some of the environmental, storm, and aerosol factors
that likely play a role in these disparate responses to cold pool and precipitation events are
suggested, but further investigation is needed to understand the mechanisms of aerosol and
bioaerosol release, transport, and deposition within this context. An examination of INP
concentrations in IOP22 reveals that event-driven INP enhancements quickly decay over
the course of a few hours, but averaged concentrations (~12-24 h) remain enhanced, due
primarily to this short-lived enhancement. This suggests that long-term increases in INP
concentration may be driven by direct emissions from rainfall and cold-pool-associated
release of biological materials, rather than rainfall leading to ecosystem-level changes or
rainfall-prompted direct release of biological materials that have been suggested previously
(Morris et al. 2014, 2017). It is also plausible that multiple different release mechanisms
of bioaerosol and INP during or following rainfall are important, with different mecha-
nisms dominating in different locations or even cases. Further investigations using this
comprehensive campaign dataset are encouraged, with access online (https://www.eol.ucar.
edu/field_projects/bacs).

Experimental observations from the BACS campaign have motivated modeling studies
examining the behavior of cold pool trains and how multiple cold pools passing through a
region impact the transport of background and newly generated aerosols (Neumaier 2023;
Neumaier et al. 2026, manuscript submitted to J. Atmos. Sci.), as well as how rain-released
bioaerosols can be transported through different types of convective storms (Davis et al. 2025).
Additional studies are being conducted on cold pool and aerosol processes using the wealth
of data collected during this campaign, including development of a database of cold pool pas-
sages and their associated properties. Radiosonde, drone, and surface observations are being
used to investigate the relationships among cold pool properties, their vertical structure, and
the intensity of the parent convection and layers of increased aerosol concentrations aloft
within cold pools (Heffernan 2024). The in-depth analysis of observations of bioaerosols,
bioaerosol tracers, and INP changes due to rainfall and cold pool events is being conducted
across the many case studies available to elucidate trends in bacteria, fungal spore, and pollen
responses to CPs and precipitation (Feldman et al. 2026). Motivated by observed long-lasting
enhanced INPs during/following rainfall and cold pool events, the investigation of correla-
tion between regional rainfall parameters, transport, and observed INP concentrations is
underway. An analysis of bioaerosol wet deposition is also ongoing, examining the relative
roles of in-cloud and below-cloud scavenging. Sequenced airborne DNA measurements are
being leveraged to examine the evolution of airborne microbial communities in the context of
the breadth of other observations discussed. Drawing on the extensive dataset created during
this project, we look forward to uncovering the potentially exciting relationships between
aerosols, rainfall, and cold pools these observations hold.
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